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a b s t r a c t
Penicillium marneffei is an endemic mycosis of humans in southeast Asia. Epidemiological
data have shown that exposure to soil and season increase the risk of infection, and it is
assumed that the main environmental reservoir is in soil. We sampled soils from a P. mar-
neffei - endemic region of Thailand and confirmed by quantitative PCR and sequencing that
P. marneffei DNA can be detected, a finding that we replicated over three sampling seasons.
P. marneffei-positive and -negative sampling locations can be viewed using a dynamic
browser located at www.spatialepidemiology.net/pmarneffei. We subsequently examined
the hypothesis that P. marneffei isolates representing the two major phylogeographic clades
of this species can grow in: (i) soil and (ii) competition against the closely related species,
Talaromyces stipitatus, in a model soil environment. P. marneffei was not detected in non-
sterile soil microcosms 14 d post inoculation, showing that the pathogen is unable to com-
pete against complete soil fauna under our laboratory conditions. However, both isolates of
P. marneffei persisted and increased in biomass when inoculated into sterile soil. P. marneffei
stably co-existed with T. stipitatus, and that the main competitive interaction was the inhi-
bition of T. stipitatus growth at low spore application by the ‘Eastern’ isolate of P. marneffei.
We conclude that P. marneffei is present in soils within endemic regions, and is able to grow
in soil under certain conditions. More research is required to ascertain the specific condi-
tions that regulate the growth of P. marneffei in soils in natural environments.
ª 2008 Elsevier Ltd and The British Mycological Society. All rights reserved.
Introduction
Penicillium marneffei is a mitosporic (asexual) pathogenic
fungus of the Trichocomaceae family, and is endemic to
southeast Asia (Ajello et al. 1995). P. marneffei has emerged as
a significant human mycosis since the 1980’s, paralleling the
increasing incidence of the Human Immunodeficiency Virus
(HIV) within this region. The genus Penicillium contains over
200 species, many of which have a world-wide distribution
in soil or decaying vegetation (Pitt 1988). P. marneffei is, how-
ever, unusual for several reasons: (i) the fungus is highly en-
demic, only being found across a narrow band of tropical
southeast Asia (Supparatpinyo et al. 1994); (ii) it is the only
member of the genus that exhibits temperature-dependent
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dimorphic growth as an intracellular fission yeast; and (iii) it is
the only member of the genus that can behave as a primary
animal pathogen.
Whilst many studies have focused upon defining the eco-
types where certain Penicillium species dominate (Grishkan
et al. 2003; Johansson 2001; Kjøller & Struwe 1982; Paul &
Clarke 1970), similar studies have not been carried out for
P. marneffei. It has been shown that a history of exposure to
soil, especially in the rainy season, increases the risk of infec-
tion with P. marneffei (Chariyalertsak et al. 1997). It has only
been cultivated once from a soil sample (Chariyalertsak et al.
1996), it is slow-growing, and this low rate of recovery may
be due to the lack of a specific, selective, medium. The fungus
has been found to naturally infect a high proportion of
burrowing bamboo rats, an animal common to the region
(Capponi et al. 1956; Chariyalertsak et al. 1996; Deng et al.
1986). However, it is not yet clear whether these bamboo rat
infections represent an obligate stage in the P. marneffei life
cycle. P. marneffei isolates with identical multilocus genotypes
are shared between humans and bamboo rat species in
Thailand and India (Fisher et al. 2005), showing bamboo rats
are a possible zoonotic source for human infections (Fisher
et al. 2004b). On the other hand, it is equally possible that
bamboo rats and humans have become infected from a com-
mon environmental source. Determining the ability of this
fungus to survive and compete in the natural environment
is central to elucidating whether P. marneffei is a saprotrophic
fungus, and is the central hypothesis that we test here.
Surveys have shown that P. marneffei is endemic to India,
Thailand, the Guangxi region of China, Vietnam, Taiwan and
Hong Kong (Singh et al. 1999). Analysis of clinical isolates
from these regions using MultiLocus Microsatellite Typing
(MLMT) (Fisher et al. 2004a), has determined the population ge-
netic structure of this fungus (Fisher et al. 2004b). Extensive
phylogeographic structure was identified showing two deeply
divided clades, corresponding to Eastern and Western south-
east Asia. Within the Western clade, genetic differentiation
was observed between spatially separated populations (Fisher
et al. 2005). A consequence of this finding is that clinical
isolates can be readily assigned to a geographic source-
population. As these different genotypes may represent
niche-adapted lineages, we included a representative isolate
from both the ‘East’ and ‘West’ clades in our experiments, to
compare their growth responses.
P. marneffei is closely related to other Penicillium species
within the subgenus Biverticillium (Pitt 1979), and the genus
Talaromyces has been identified as the closest relative to
P. marneffei, which can exhibit sexual biverticilliate states
(LoBuglio & Taylor 1995). Of these, Talaromyces stipitatus is
readily recovered from Thailand soils (Fisher, unpub. obs.). If
niche-adaptation is important in generating the observed pat-
terns of spatial genetic variation in P. marneffei, then it is likely
that isolates from two different geographical regions, and rep-
resenting both ‘Western’ and ‘Eastern’ clades, will show dif-
fering competitive abilities in soil. Further, if P. marneffei is
a niche-specialist rather than an ubiquitous soil pathogen,
then we can predict that it will perform poorly in competition
with closely related fungal taxa.
This paper describes the detection of the pathogenic fun-
gus P. marneffei from soils in Thailand. We then investigated
the growth potential of the two P. marneffei genotypes in soil
from northern Thailand, and measured the ability of these
genotypes to compete directly with T. stipitatus in soil micro-
cosms. Relative growth of the fungi in our microcosms was
measured using a rapid and reliable quantitative TaqMan
probe-based quantitative PCR (qPCR) reaction (Haughland
et al. 2004; Lotrario et al. 1995) following environmental DNA
extraction. These experiments address an urgent need to bet-
ter understand P. marneffei’s survival and ecology in soil as in-
fection is an important cause of morbidity and mortality in
HIV patients living or travelling in Southeast Asia.
Materials and methods
DNA sampling and extraction from soil
Soil samples were collected over 3 years from locations where
cases of penicilliosis had occurred and from a range of eco-
types in Northern Thailand within a circle of radius 60 km,
centered on Chiang Mai (Iat. 17.885, Ion. 98.986). Environ-
ments sampled included the environs of eight patients houses
who had fallen ill with penicilliosis marneffei, different forest
and grassland environments, and sites associated with ani-
mals, such as bat-caves and an elephant camp. From each
site, 20 g of soil was taken from the ‘A’ subsurface soil horizon
to a maximum depth of 5 cm. Total DNA was extracted from
the soil samples using a modified flotation method (Larsh
et al. 1953; Vanittanakom et al. 1995). Briefly, 30 ml of phos-
phate buffered saline (PBS) solution was added to 15 g soil in
a 50 ml tube (Nunc GmbH & Co. KG, Wiesbaden, Germany).
The tubes were agitated by vortexing for 10 min. The soil solu-
tion was then left to settle for 20 min at room temperature. As
much supernatant as possible (approx 25 ml) was transferred
with care to a sterile 50 ml tube and topped up to 30 ml with
PBS solution. These soil extracts were centrifuged at 2400g at
4 C for 10 min and the supernatant was discarded. The pellet
was suspended in 250 ml of sterile, distilled water and intro-
duced into a Bead Solution tube (UltraClean Soil DNA Isola-
tion Kit, Mo Bio Laboratories, Inc., Carlsbad, USA). Samples
were bead-beaten (MiniBeadBeater-8, Biospec Products, Bar-
tlesville, USA) for 2 min in the presence of 60 ml of solution 1
and 200 ml of IRS solution (Biospec). Themanufacturer’s guide-
lines were then followed with the resulting DNA resuspended
in 100 ml sterile, distilled water. These soil DNA extracts were
subsequently stored at 20 C. This protocol was followed for
both environmental samples and soil microcosms.
Quantitative environmental real-time PCR
The qPCR assays were designed to target and amplify a 90 bp
portion of the b-tubulin locus, and were designed by align-
ment of b-tubulin sequences from Penicillium subgenus Biverti-
cillium. DNA sequences for this region for 50 Penicillium and
Talaromyces species were provided by the Centraalbureau
voor Schimmelcultures (CBS). The sequences were aligned us-
ing ClustalW in MEGA version 3.0 (Kumar et al. 2004) and
Primer Express 2.0 (Applied Biosystems) was used to design
genera specific primers and species specific probes for P.mar-
neffei and Talaromyces stipitatus. Real-time quantitative PCR
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utilised an internal probe which hybridised to a specific target
sequence. The probe was labelled with two dyes, a fluorescent
reporter at the 50 end, a nonfluorescent quencher and minor
groove binder at the 30 end. The probes were designed adher-
ing to the recommendations by Applied Biosystems so that
there was less than 1 C difference between the two probe
melting temperatures; each probe was positioned as closely
as possible to the 30 endof theTsF forwardprimerand thepoly-
morphic site was placed in the central third of both probes.
We designed genera specific primer sequences as follows:
TsF 50CAAATCGGTGCTGCTTTCTG, TsR 50CAGAGATGATTT
GCCTGAAATAGTCA. The TaqMan probes that were used to
discriminate the two species were: P. marneffei probe 50 VIC-C
TCTCAACAAACACATCAC-MGB 30 and T. stipitatus probe 50 6-
FAM-TGCTTGGGTAACACTCA-MGB 30.
The specificity of the MGB probes were tested by attempt-
ing to amplify the DNA extracted from several Penicillium
and Talaromyces species: T. stipitatus (CBS375.48, USA); T. derxii
(CBS412.89, Japan); P. verruculosum (CBS312.59, Japan); P. pur-
purpogenum (CBS286.36, Japan); P. funiculosum (CBS433.89, In-
dia) and P. rubrum (CBS184.27, USA). Amplifications were
conducted in 96-well polypropylene plates on an ABI Prism
7300 (Applied Biosystems, Worthing, UK). Each 25 ml reaction
contained 12.5 ml of Taqman Universal PCR Mastermix (Ap-
plied Biosystems), 900 mM of each primer (Eurogentec Ltd.,
Southampton, UK), 200 mM of each minor groove binding
(MGB) probe (Applied Biosystems), 5 ml of a 1 in 10 dilution of
the soil extract and 2.0 ml of de-ionised water. The amplifica-
tion conditions were 50 C for 2 min, 95 C for 10 min and
then 50 cycles of 95 C for 15 sec and 1 min at 60 C. Each
soil sample was tested in duplicate, only being considered
positive if the cycle threshold (Ct) value was under 45 cycles
(Brancart et al. 2005). Standard curves based on Ct for a 10-
fold dilution series of P. marneffei genomicDNA (n¼ 3)were de-
veloped. The standard curves were obtained by plotting the Ct
threshold versus the logarithm of the concentration of each
10-fold dilution series. The dilution series ran over 4 orders
of magnitude.
Isolates used in microcosm competition experiments
The following isolates were used: Western clade P. marneffei
(CM; MMC47P11-5, Chiang Mai), Microsatellite Type (MT)¼ 10;
Eastern clade P. marneffei (TW; MY3370, Taiwan), MT¼ 146
(http://pmarneffei.multilocus.net/); Talaromyces stipitatus
(strain CBS375.48; Centraalbureau voor Schimmelcultures,
Utrecht, The Netherlands). All isolates were grown on 2 %
malt extract agar (Smith 1994) at 28 C for 1 week. Spore dilu-
tions were produced by scraping spores into 10 ml of sterile
distilled water. Subsequently, 20 ml was added to a Neubauer
chamber (Weber Scientific International Ltd, Teddington,
England) and the number of spores counted under a micro-
scope (Laborlex 12, Ernest Leitz Wetzlar, Germany). The aver-
age total number of P. marneffei spores ml1 for each isolate
was calculated. The concentrated spore solution was then di-
luted appropriately, with sterile distilled water, to produce a
dilution series of 108, 107, 106, 105, 104, 103, 102, 10 and 0 spores
for each P. marneffei isolate and 106, 105, 104, 103, 102, 10 and 0
spores for T. stipitatus.
Competition experiment design
Soil was collected from a single site outside the Maharaj
Nakorn Chiang Mai Hospital, Chiang Mai (lat. 18.7899, lon.
98.975). The soil was sieved and processed by serial autoclav-
ing. Sterilisation was at 121 C for 1 h, followed by cooling at
room temperature for 24 h, and then sterilised as before.
This was repeated three times to ensure that any spores/en-
zymes stimulated by the first round of sterilisation would be
destroyed in the second or third round (Bogan et al. 1996;
Warcup, 2003).
Each microcosm comprised 15 g of sterile soil added to
a Petri dish (Sterilin, Billingshurst, UK) and was inoculated
with: 1 ml of the appropriate P. marneffei spore dilution (focal
species), 1 ml of the appropriate T. stipitatus spore dilution (as-
sociate species) and the volumemade up to 5 ml of liquid with
the addition of sterile distilled water. The spore numbers used
for both strains were 0, 103, 104 and 105, co-inoculated with
T. stipitatus at 0, 1, 102, 103, 104 and 105 in all combinations,
plus a control of no added spores of either species (Table 1).
The competition experiments were performed in duplicate
for each spore inoculum combination. The microcosms were
all incubated at 28 C in the dark for 14 d. As a non-sterile
control, the same numbers of P. marneffei described above
were inoculated in duplicate into air-dried, but non-sterile,
soil to determine the ability of P. marneffei to survive ‘natu-
rally’ in a soil microcosm that is complete with its normal
complement of microbes.
Statistical analyses
Wedetermined whether the increasing addition of T. stipitatus
spores had either a negative or positive impact upon: (1) P.
marneffei survival; and (2) final DNA concentration at the end
of the experiment. To aid data interpretation the cycle thresh-
old (DNA detection) values were transformed into spore
equivalents. As observation that the amplification reactions
in this study sometimes did not exhibit perfect exponential
amplification due to the presence of inhibitors from the soil
extracts, detection rates (Ct value, Table 1) from a spore dilu-
tion series amplified in the presence of soil (t¼ 0 d) were used
to construct a standard curve plot in order to estimate fungal
biomass increase as ‘spore equivalents’.
Statistical tests were carried out using ANOVA in S-PLUS
(Lucent Technologies 2003). Due to non-normal distribution
of the experimental residuals, an inverse of the cube transfor-
mation was used to normalise the distribution of data.
Table 1 – Spore equivalent values for the two isolates of
P. marneffei (CM, TW) after 0 and 14 d calculated from an
extrapolated standard curve Fig 2
Spores
inoculated
(0 d)
P. marneffei CM,
spore equivalents
(14 d)
P. marneffei TW,
spore equivalents
(14 d)
103 9.8 104 18000 9.7 104 11 000
104 5.7 105 1000 2.7 105 27 000
105 8 105 6600 3.8 105 28 000
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However, actual results using transformed and non-trans-
formed data did not differ substantially and, in particular,
there was little difference in the final levels of significance.
Results
Real-time primer and TaqMan probe design and specificity
Generic primers TsF/R, were chosen from the alignment of b-
tubulin sequences from biverticilliate and terverticilliate
Penicillium and Talaromyces species. Using this primer pair to
amplify genomic DNA from 9 isolates of Penicillium and Talar-
omyces, resulted in PCR products that were in all cases c. 90
base pairs consistent with the in silico predictions of 90 base
pairs for P. marneffei and 91 base pairs for T. stipitatus. This
size PCR product allowed species specific probes to be devel-
oped – P. marneffei (Pm_Btub) and T. stipitatus (Ts_Btub); there
was no detection of the seven other Penicillium and Talaromyces
species. A threshold cycle, Ct, value of zero was determined
for the 5 isolates (n¼ 9 per isolate). Only P. marneffei and T. stip-
itatus were amplified with Ct values of 18.9 and 20.3,
respectively.
Extraction, then amplification of DNA from soil samples
that had been spiked with P. marneffei spores showed that
DNA was successfully detected down to 10 sporesml1 (Fig 1).
Environmental detection of P. marneffei
Of 137 sites tested for P. marneffei, seven were positive (5.1 %).
Of the positive sites, one of eight patient’s homes – a sample
from the base of a tree – was associated with a positive qPCR
test. Correct detection of P. marneffei was confirmed in some
cases by sequencing the amplification products for the intra-
genic (ITS) spacer region. In all cases, there was 100 % homol-
ogy with published P. marneffei ITS sequences (data not
shown). The positive soil samples were from: (1) inside
a cave populated by bats; (2) an elephant camp; (3) outside
a patient’s house; and (4) near a Buddhist Temple. Positive
samples were recovered from Elephant-camp soils for each
of the three sampling years (Fig 2; www.spatialepidemiology.-
net/pmarneffei).
P. marneffei survival in sterile and non-sterile soil
Neither P. marneffei isolate could be detected, after 14 d, by
real-time PCR (n¼ 8, for each isolate) when spores were inoc-
ulated into non-sterile soil, irrespective of the initial spore
concentration (Fig 3). However, both P. marneffei isolates, CM
(Chiang Mai) and TW (Taiwan), were detected in the sterile
soil microcosms (Fig 3) after the same time. The lowest spore
inoculum, 103 spores, was detected for both CM and TW iso-
lates with similar Ct values (Ct38.99 1.82 for CM and
Ct39.80 1.14 for TW) following 14 d incubation (Table 1).
Growth of P. marneffei CM and TW isolates in sterile soil
with no added T. stipitatus
Increasing spore inoculum resulted in increased DNA detec-
tion (Fig 1). After 14 d of incubation, 9.8 104 (18000) spore
equivalents were detected where 103 spores of CM had been
inoculated, increasing to 8.2 105 (6600) spore equivalents
for 105 spores of CM inoculated (Tables 2 and 3). Similarly,
after 14 d, 9.7 104 (11000) spore equivalents were detected
in microcosms inoculated with 103 P. marneffei TW spores.
Microcosms inoculated with 105 spores of TW showed in-
creased biomass equal to the detection of 3.8 105 (28000)
spore equivalents. There was no significant difference (P>
0.05) in the biomass produced by P. marneffei CM and TW at
equivalent spore inoculum concentrations (Fig 4A).
P. marneffei competitive response to increasing
T. stipitatus spore concentrations
Real-time PCR detected both P. marneffei strains in all of the
DNA extracts from the sterile microcosms to which they
were added. The initial P. marneffei spore inoculum
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Fig 1 – Detection of P. marneffei from a dilution series of
soils spiked with 108 – 1 spores.
Fig 2 – Map of the locations of sample sites around Chiang
Mai, Thailand.+Site positive for P. marneffei by qPCR.CSite
negative for P. marneffei by qPCR. For dynamic colour map
see: http://www.spatialepidemiology.net/pmarneffei/env/.
52 E. Pryce-Miller et al.
Author's personal copy
significantly effected the level of P. marneffei detection (CM
F1,112¼ 37.7, P¼ 1.27 108; TW F1,77¼ 1.3, P¼ 1.8 105). The
impact of T. stipitatus on the growth of the two P. marneffei iso-
lates in soil, as estimated using ANOVA, was non-significant
(CM F1,112¼ 37.7, P¼ 0.075; TW F1,77¼ 1.3, P¼ 0.26).
Growth of P. marneffeiTWwas reduced by 11 %, in the treat-
ment with 105 T. stipitatus spores added compared to micro-
cosms with no added spores, but this was not significant
(P> 0.05). Both P. marneffei isolates persisted and increased
in biomass in all microcosms.
T. stipitatus response to increasing spore concentrations
of P. marneffei
ANOVA showed that initial spore concentration was the most
significant factor influencing Ct end point biomass (CM,
F1,74¼ 79.3, P¼ 2.53 1013; TW, F1,81¼ 29.6, P¼ 5.4 107).
When co-inoculated with P. marneffei CM, T. stipitatus was
not detected in six of the treatments (Fig 4B). Fewer than 10
to 100 spore equivalents were present after 14 d of competi-
tion with P. marneffei CM.
T. stipitatus was however detected in all of the microcosms
into which it was inoculated with P. marneffei TW (Fig 3). There
was a significant (P 0.05) decrease in the Ct value when over
106 spores were added to the microcosms. Detection of T. stip-
itatus occurred earlier in the microcosms which were inocu-
latedwith P. marneffei TW isolate (Table 2; F1,155¼ 4.6, P¼ 0.03).
Discussion
Our results have shown that P. marneffei is clearly present in
soils within Thailand, but as DNA was only detected in seven
of 137 sampled environments, it was not possible to analyse
specific associations between occurrence and environmental
variables, or whether there was a non-random distribution
of P. marneffei in the environment. However, it is worth noting
that three of the seven sites are heavily used by animals (a bat
cave, an elephant camp and a humanhabitationwith a known
history of P. marneffei infection), and in one site (the elephant
camp) P. marneffei DNA was detected over several years. As
P. marneffei is known to be associated with Bamboo rats, our
observations are circumstantial evidence that the organism
may be associated with a wider range of species than is
currently known.
The molecular qPCR test that we have developed is
shown here to be highly sensitive, detecting 10 P. marneffei
sporesml1 in spiked soil samples. However, in our environ-
mental survey for the pathogen, we were not able to distin-
guish between live, viable P. marneffei conidia and inviable
conidia. We attempted to culture the organism from PCR-
positive sites, however, were not successful. The use of
mRNA in reverse transcriptase PCRs is today enabling both
the symptomatic and presymptomatic detection of viable
Fig 3 – Detection of the P. marneffei isolates (CM – from
Chiang Mai and TW – from Taiwan) 14 d after inoculation
into sterile and non-sterile soils.
Table 2 – Cycle threshold (Ct) values and number of spores for the two isolates of P. marneffei (CM, TW) after 0 and 14 d in soil
microcosms
Number of spores
inoculated
P. marneffei at 0 d cycle
threshold value
P. marneffei at 14 d P. marneffei at 14 d
Ct value Spores Ct value Spores
103 a 38.99 1.82 9.8 104 18000 39.80 1.14 9.7 104 11 000
104 a 35.70 1.04 5.7 105 10000 37.63 2.67 2.7 105 27 000
105 38.46 0.86 34.06 0.66 8.2. 105 6600 36.83 2.84 3.8 105 28 000
106 32.9 0.22 b – b –
107 28.34 0.51 b – b –
a Not detected.
b Spore concentration not used.
Table 3 – Mean cycle threshold value for T. stipitatus at the
five spore concentrations co-inoculated with the two
isolates of P. marneffei
Number of
T. stipitatus spores
inoculated
P. marneffei
isolate
(Chiang Mai, CM)
P. marneffei
isolate
(Taiwan, TW)
101 0 39.4 1.04
102 0 39.9 1.46
103 40 0.76 38.1 1.42
104 36.67 1.28 33.27 1.42
105 32.70 1.22 32.3 0.90
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fungal pathogens in plants (Gough & Lee 1985; McMaugh &
Lyon 2003) and our future experiments aim to investigate
cell viability by using P. marneffei-specific probes to the
mRNA of a constitutively-expressed gene such as beta tubu-
lin (Yan & Liou 2006).
P. marneffei is not very competitive with soil microflora and
microfauna in non-sterile microcosms and DNA was below
the limits of detection by 14 d after inoculation. The only other
studies to date examining the efficacy of detecting P. marneffei
in seeded non-sterile and sterile soil used traditional culturing
methods (Vanittanakom et al. 1995; Joshi et al., 2003). In
Vanittanakom et al.’s study the recovery rate from 100
P. marneffei spores in non-sterile soil was 6 % compared to
84.3 % from sterile soil, mirroring our finding that P. marneffei
does not flourish naturally in soil. As yet, no other published
study has attempted to monitor P. marneffei in soil using mo-
lecularmeans. However, a 2-fold reduction in fungal detection
efficiency using real-time PCR was recorded when directly
quantifying Glomus intraradices from non-sterile soil (Filion
et al. 2003). Our study suggests that not only does P. marneffei
survival in non-sterile soil suffer, but so does qPCR efficiency.
There are several reasons for the differences between sterile
and non-sterile soil. Autoclaving alters the chemical composi-
tion of soil (Salonius et al. 1967), removes competition from
soil organisms, makes available nutrient resources and
slightly raises the pH (Lotrario et al. 1995). In natural soils
mycostatic and mycolytic factors commonly occur and are
known to adversely affect the development of some human
pathogenic fungi (McDonough 1963). Such factors may be
negatively affected by the sterilization process. Further, in
non-sterile soil microcosms, intact non-target soil micro-flora
present may negatively influence real-time PCR amplification
and in turn the levels of fungi detected (Filion et al. 2003).
In the present study, growth of P. marneffei was readily
detected in the sterile microcosms. Since the detectable level
of inoculated soil at 0 dwas 105 spores, but after 14 d detection
was possible in the microcosms to which 103 spores were
added, DNA extraction has increased 100-fold. This presum-
ably reflects an increase in fungal biomass over the 14 d.
P. marneffei has also been isolated from inoculated sterile
Thai soil in two other studies (Vanittanakom et al. 1995).
The model microcosm experiments demonstrated that,
when in direct competitionwith a closely related Trichocoma-
ceae species, P. marneffei establishment and growth was not
significantly affected. T. stipitatus, when added to the study
system, did not elicit a negative competitive response from
P. marneffei CM, which was not competitively excluded from
any of the microcosms. Although not statistically significant,
it was noted that P. marneffei TW did not increase in biomass
as consistently when in the presence of a high concentration
Fig 4 – Quantification of A. Penicilliummarneffei and B. Talaromyces stipitatus when grown in direct competition in sterile soils
after 14 d. (A). P. marneffei grown in competition with 100 000 T. stipitatus spores. (B). T. stipitatus grown in competition with
100 000 P. marneffei spores. CM[Chiang Mai P. marneffei and TW[Taiwan P. marneffei isolate.
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of T. stipitatus spores. This is preliminary evidence that P. mar-
neffei CM exhibited higher relative fitness in the Chiang Mai
soil microcosms when compared to P. marneffei TW, although
the effect was not statistically significant under our current
levels of experimental replication. The data suggest that T.
stipitatus was able to grow more effectively when in competi-
tion with P. marneffei TW than with P. marneffei CM.
However, it should be noted that the many studies on DNA
extraction methods have highlighted the difficulty of consis-
tent extraction efficiency and PCR processing, especially in re-
lation to extractions from soil (Filion et al. 2003; Martin-
Laurent et al. 2001; Miller et al. 1999; Yeates et al. 1999). Extrac-
tion efficiency varies due to factors such as adsorption to soil
colloids (Frostegard et al. 1999) and the co-extraction of humic
substances (Zhou et al. 1996). Whilst further optimisation of
our experimental setup is required, such methodological
variables should not impact on the findings of our study as
all fungal microcosms were processed in an identical manner.
As both fungal species used in this study are closely
related, it is likely that they share similar life strategies. Typ-
ically, Penicillium and Talaromyces include r-selected character-
istics required for successful primary resource capture,
namely good dispersal, rapid spore germination, rapid myce-
lial extension, and the ability to utilise organic substances
available in previously uncolonised resources (Cooke & Ray-
ner 1984). While, there was some negative interaction at low
T. stipitatus spore concentrations, there were no dramatic
competitive responses by either fungus. This may be
explained by either: (1) the two fungi occupying different
niches; or (2) sharing similar functional capabilities and initial
resources important for colony establishment, but with their
functional capabilities diversifying and separating with
colony maturation.
P. marneffei exhibits highly structured populations (Fisher
et al. 2005), and one mechanism by which this structure could
have evolved is local adaptation to heterogeneous environ-
ments. This apparently, clonal asexual fungus co-colonised
the soil microcosms successfully and flourished in the pres-
ence of a closely related competitor.We observed a significant
effect of altering soil type on the growth of P. marneffei, how-
ever we were not able to do the reciprocal experiment using
a ‘typical’ Taiwanese soil. Until this experiment is repeated
with greater numbers of isolates from a larger number of re-
gions, it is not possible to say whether our results have a gen-
eral significance. However, our data raise interesting
questions, and potential answers, as to why there are such
deep divisions in the population genetic structure of
P. marneffei.
Our finding that P. marneffei is unable to grow within an
unsterilised environment suggests that its niche in nature
may be more specific than that which we used here. The
dispersal and growth of fungi strongly depends on environ-
mental factors; among these soil type, rainfall, humidity are
all expected to control germination and growth (Frostegard
et al. 1999). Our finding that P. marneffei cannot survive in
non-sterile microcosms is not a refutation of the soil microen-
vironment as a reservoir of the fungus. Rather, these data
show that we need to consider wider ranges of environmental
variables and spatial scaleswhen investigating themetapopu-
lation structure of these pathogenic fungi in nature.
In conclusion, this study has shown that P. marneffei is
present in soil in endemic regions in Thailand, and that soil
microcosms provide a tool by which the dynamics of its estab-
lishment, growth and resource partition can be monitored by
quantitativemolecularmethods. Further studies on the ability
of P. marneffei to function in more complex fungal communi-
ties, and in different environmental backgrounds, will provide
a better understanding of the interplay between fitness, func-
tion and the population genetics on the metapopulation
dynamics of pathogenic fungi.
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